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Introduction
Today, despite its abundance on Earth, water is considered a scarce resource, owing to the fact that just 2.5% of the total amount is fresh water. Currently, agriculture, livestock and energy production account for 80% of all fresh water used. Meanwhile, as the human population grows and becomes increasingly industrial, demand for fresh water will continue to increase, putting further stresses on the sources currently available [1] . Furthermore, growing numbers of contaminants are entering water supplies as a result of human activities as well as salt water ingress from coastal regions. This poses public health and environmental risks which must be mitigated by the implementation of water treatment technologies such as disinfection, decontamination and desalination. Such technologies, however, can be very expensive and energy intensive and can require large quantities of chemicals which may produce toxic by-products. It is important that these issues are addressed at the outset so as not to replace one set of problems with another [2] .
Membrane bioreactor (MBR) is a widely implemented technology for the treatment and reuse of wastewater in municipal and industrial plants. This technology offers significant advantages over conventional technologies. Among these advantages are higher chemical oxygen demand (COD) removal (as compared to conventional sludge processes) as well as the capability to operate at much higher concentrations of pollutants, no need for sedimentation, and the additional retention of certain chlorine resistant pathogens [3] . Despite its successful commercial implementation [4] , MBR does suffer from some drawbacks, with membrane fouling being the most significant of these. Consequently, several approaches have been applied to control this issue, including modification of the feed solution, modification of the surface of the membrane, changing the operating conditions and periodic cleaning, amongst others [5] [6] [7] .
MBRs typically employ ultrafiltration (UF) as the main membrane separation process, in order to ensure the produced water is free from pathogens and microorganisms [8] .
Asymmetric UF membranes can be prepared via non-solvent induced phase separation (NIPS) using a range of suitable polymers [9, 10] . Among these materials, polyethersulfone (PES) has good chemical and mechanical stability [9] , and is highly miscible with hydrophilic additives which can be used to improve the pore structure and increase the porosity of the membrane [10] . In addition, these additives can increase the hydrophilicity of the membrane which can, in turn, reduce the propensity of organic species to adhere to the surface. This can thereby improve the antifouling properties of the membrane, allowing for better long-term performance [11] .
Graphene oxide (GO) is a well-known hydrophilic filler which exhibits many attractive properties such as high strength, low thickness, high flexibility and a negatively charged surface, offering water dispersability and good miscibility with polymers [12] . Lee et al. prepared polysulfone/GO mixed matrix membranes (MMMs) for treatment of wastewater with membrane bioreactor and found a higher resistance to both fouling and biofouling compared to the pure polymer as indicated by the increase in transmembrane pressure of 50 kPa after 50 hr for the PSf/GO membrane compared to just 10 hr for pure PES [13] . An improvement in membrane flux, and lower reversible and irreversible fouling was observed in similar systems elsewhere [14] [15] [16] [17] . In other work, functionalized GO-polymer nanocomposites were developed for enhancing the biofouling and hydrophilic properties of ultrafiltration membranes [18] . In addition to GO's ability to increase the hydrophilic property of membranes (owing to its negatively charged functional groups), it has also been shown to increase the roughness and mechanical strength of the host polymer which also has an influence on antifouling properties and performance [19] .
Pore forming agents such as PVP and PEG [14, 20] were also proposed to improve the property of membranes (e.g. hydrophilicity and flux). Recently, novel copolymers like T904 and P31R1 have also been shown to improve the properties of PES membranes based on our previous work [10] . T904 and P31R1 copolymers contain polypropylene and polyethylene oxide segments. The former gives rise to strong hydrophobic interactions with the PES matrix and the latter creates hydrophilic surfaces in the prepared membranes [10] .
However, the influence of these additives on nanocomposite polymer-membranes is not yet fully understood. It is clear that performance enhancements can be achieved with the addition of nanomaterials such as graphene oxide and pore forming agents separately, but the combination of these two additives has not yet been systematically studied.
Chemical pollutants such as bovine serum albumin (BSA), acridine orange (AO) and sunset yellow (SY) dyes were used as model compounds for testing the membrane performance. In this work, the use of GO nanosheets to tackle the fouling issue suffered by pure PES polymer membranes was first explored, followed by the combination of GO and pore forming agents to further enhance the flux of such membranes. Our postulation was that the barrier layer would be more hydrophilic after the addition of GO as a result of the presence of carboxylic acid (-COOH) and hydroxyl (-OH) functional groups, thus mitigating the interaction between the foulant and the membrane surface and so reducing fouling. This effect was first investigated in simple binary systems of PES and GO of varying ratios. In addition to this, novel pore forming agents, P31R1 and T904 were used to increase the porosity and thereby improve the overall performance of the membranes. For the first time, combinations of GO with pore forming agents P31R and T904 were prepared and tested for ultrafiltration in order to identify possible synergistic effects. were purchased from Sigma Aldrich, UK and used as received. Deionized water (DI) used in this study was produced by a Milli-Q integral system (Merck Millipore, Ireland). PVP with a molecular weight (MW) of 40,000 g mol −1 (Sigma Aldrich, Germany), Tetronic T904
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(BASF, Germany) and Pluronic 31R1 (BASF, Germany) were used as the pore forming agents.
Synthesis and characterisation of Graphene Oxide
GO nanosheets were prepared from graphite powders by a modified Hummers' method [19, 20] , and characterized using Raman spectroscopy and scanning electron microscopy (SEM) [21, 22] . 
Characterization of PES/GO Mixed Matrix Membranes (MMMs)
Attenuated total reflection Fourier transform infra-red spectroscopy (ATR-FTIR) was carried out using an Ids Nicolet Is5 instrument (Thermo Scientific, UK) using a Ge crystal over the wavenumber range of 650-4000 cm −1 and a step size of 0.5 cm −1 .
Raman spectra were obtained using a Renishaw Raman imaging instrument ( Contact angle measurements were conducted on the surfaces of flat sheet membranes with DI water utilizing an Attension Theta optical tensiometer (Biolin Scientific, UK) via the sessile drop method [24] . The contact angle was measured immediately after the DI water was dropped onto the membrane surface, which reflects the natural wettability of the material. Briefly, a drop of DI water was deposited using a microsyringe with a stainless steel needle (Hamilton microsyringe) at room temperature. The software was set to record 30 fps for 20 s, and the water contact angle was recorded 5 s after the water droplet had touched the sample surface.
Atomic force microscopy (AFM) was carried out using a Fastscan microscope (Bruker, USA). The measurements were conducted over an area of 30 µm × 30 µm using tapping mode at room temperature and in an air atmosphere. The surface roughness parameters were reflected in terms of the average roughness (Ra), the root mean square of the Z data (Rq) and the mean difference between the highest peaks and the lowest valleys (Rz) calculated using Nanoscope analysis software version 1.5.
The membrane porosity was determined through a gravimetric method reported elsewhere [10, 15] . Briefly, the dried membranes were immersed in the DI water for 24 h at room temperature (RT). Thereafter, samples were carefully taken out, wiped using tissue paper to remove excess water from the surface, and weighed (analytical balance KERN ABJ 120-4NM, Germany). Afterwards, samples were placed in a vacuum oven at 60 °C for 8 h then weighed. The porosity, ε, was calculated using Equation 1:
Eq. 1 where ܹ ௪ is the weight of the wet membrane, ܹ ௗ is the weight of the dry membrane, ߩ ௪ and ߩ are the density of water (0.998 g cm −3 ) and polymer (1.37 g cm −3 ), respectively.
The antifouling properties of the prepared membranes were assessed via a protein adsorption test (static BSA adsorption test). For the experiment, a 4 cm 2 piece of each membrane was kept in 10 mL of BSA solution (1.0 g L −1 ) to attain adsorption-elution equilibrium at room temperature and after 24 h the sample was taken out of the solution. The initial and the final concentrations of protein in the solution were determined using UV-Vis spectrophotometry at a wavelength of 280 nm. The BSA adsorption capacity of the membrane was calculated from the initial concentration of both feed and final BSA adsorbate using Equation 2:
where C i and C f are the initial and final concentrations of the protein solution, respectively.
The surface free energy (∆G s ) of the membranes was calculated using the Young Dupre equation (Equation 3) [24] .
where θ is the water contact angle value and ߛ ் is the surface tension of water (72.8 mJ m −2 ).
Filtration performance and fouling study of membranes
Membrane permeation flux, retention, and antifouling properties were evaluated using a dead-end stirred cell (Sterlitech HP4750). The cell was pressurised with nitrogen gas at 1 bar and the filtration experiments were conducted at 20 ± 1 °C. First of all, pure water permeability (PWP) was measured by passing 200 mL of DI water through the membrane and measuring the permeate volume after 30 minutes. The PWP was then calculated using
:
where V is the permeate volume (L), A is the effective membrane area (12.56×10 −4 m 2 ), t is the operation time (h), and P is the operation pressure (bar).
Filtrations of BSA, SY, and AO aqueous solutions were performed also using a deadend stirred cell. The concentration of these compounds in the aqueous feed solutions was 1000 ppm (pH=6.1), 68 mg L −1 , and 200 mg L −1 , respectively. The rejection was determined using Equation 5 :
Eq. 5
where C p is the concentration in the permeate solution and C f is the concentration in the feed solution. These values were obtained from permeate and feed solutions via UV-Vis at wavelengths of 280, 490, and 490 nm for BSA, SY, and AO, respectively.
In order to assess the anti-fouling performance of the membranes, the following protocol was followed: first, the pure water flux was measured at 1 bar ‫ܬ(‬ ଵ ); subsequently, the BSA aqueous solution was used as the feed, also at 1 bar and the foulant solution flux was measured for 30 min ‫ܬ(‬ ሻ. Finally, the pure water flux was measured again after 30 min of being flushed at a pressure of 1 bar ‫ܬ(‬ ଶ ሻ. The membrane was assessed by four parameters including the flux recovery ratio (FRR), the total flux decline ratio (ܴ ௧ ), the reversible flux decline ratio (ܴ ), and the irreversible flux decline ratio (ܴ ). The flux recovery ratio was calculated using Equation 6 , and R t , R r and R ir using Equations 7, 8 and 9, respectively:
Eq. 7
Eq. 8
Eq. 9
where J 1 is the pure water flux before the fouling test, J 2 is the pure water flux after fouling and J p is the flux of the foulant solution.
Results and discussion
Characterization of graphene oxide nanosheets
Details of GO characterization using Raman and SEM can be found in the supporting information (SI) and in the following sections. respectively [25] . For PES/GO MMMs, the peaks at 1242 and 1142 cm −1 can be attributed to the stretching vibrations of asymmetric and symmetric S=O, respectively [26] . The strong absorptions in 1480-1600 cm −1 regions are associated with the benzene ring skeletal stretching mode.
Characterization of mixed matrix membranes
The broad band between 3000 and 3600 cm −1 observed in the PES/0.5GO membrane were related to the OH groups of GO and confirm the presence of GO in the PES matrix.
However, for lower loadings of GO (not shown), these features were not observed. After the addition of the pore formers (PVP, P31R1, and T904), the broad band was observed for PES-GO-PVP and broad peaks in the region 2800-3000 for PES-GO-PVP and PES-GO-T904
membranes. This confirms the presence of unreacted OH groups from GO in these two membranes and suggests interaction between the additive P31R1 and GO through OH groups in the membrane PES-GO-P31R1 (as the broad bands are not present). Raman spectra for GO, pure PES and PES-GO membranes are presented in Figure 3 . in the graphene oxide structure [28] .
The bands at 1072 and 1109 cm −1 are attributed to symmetric and asymmetric stretching vibrations of O=S=O groups. The strong band at 1145 cm −1 is ascribed to symmetric C-O-C stretching, and bands at 1590, 1610 cm −1 correspond to a vibration of phenyl rings [15] . Broad peaks are observed at 1350 cm −1 and 1600 cm −1 for membrane M5
(PES/0.5GO), which is characteristic of the D and G bands for GO nanosheets [15] . The D band is absent in the spectrum of membrane M1 (pure PES) and becomes higher in intensity as the amount of GO increases for the hybrid membranes. Thus, these results confirm the presence of GO in the hybrid membranes. It was found that the hydrophilicity of the membranes was affected by the additions of GO and pore forming agents. Water contact angle measurements were investigated as shown in Figure 4 . In general, a lower contact angle indicates that the membrane surface is more hydrophilic in nature. As presented in Figure 4 , the static contact angle decreased with the addition of the GO into the polymer matrix. [14, 29, 30] . The addition of pore formers alone also reduced the contact angle compared to the pure PES membrane, as previously reported [10] . However, when the pore formers were combined with 0.3 wt% GO (M8, M11 and M14), a slight increase in the contact angle was observed compared to the 0.3 wt% GO membrane without pore formers (M4). This may be attributed to the effects of the hydrophobic segments of the pore formers as well as the increased surface roughness [31] , as shown in the RMS values from Table 2 . Table 1 .
To explore the effect of GO on the morphology of PES membranes, cross-sectional SEM images were taken, as shown in Figure 5 . The image of the pure PES membrane reveals a more dense internal structure and a thicker top skin layer than for the other membranes, which explains the lower flux value shown in section 3.3. As can be seen, the hybrid membranes show no visible agglomerates of GO, indicating that it was well dispersed in the polymer matrix prior to casting. In addition, no cracks are observed on the surface (not shown), indicating that the membranes did not suffer embrittlement by the addition of GO. It is noted that PES/GO MMMs exhibited larger surface pore sizes than pure PES, with this increasing with GO content (M4 and M5). This property is also reflected in the flux data ( Figure 7 ). It is generally well known that the membrane structure induced by the phase inversion process depends on both the rate of outer diffusion of the solvent (DMF) into the coagulation bath and the rate of inner diffusion of the non-solvent (water) into the cast thin film [32, 33] . The formation of a polymer rich phase is initiated by the demixing process at the time of immersion of the cast film into the coagulation bath. The demixing is driven by the thermodynamic instability between the casting solution and the non-solvent. In this case there is a low affinity of PES to water and thus an instantaneous demixing mechanism takes place. The addition of hydrophilic materials like GO increases the affinity of the polymer solution towards the water. This, in turn, increases the rate of demixing. The formation of varied pore sizes on the membrane surface is due to changes in the diffusion rate of the solvent-non-solvent by the addition of GO on the casting dope solutions. Moreover, GO has a binding affinity with the PES matrix through both hydrogen bonding (Figure 1 ) and van der Waals forces, which may also increase the demixing rate [26] . The cross sections of PES/GO/pore formers were also examined (membranes M8, M11, and M14). These membranes also have an asymmetric structure consisting of a thin dense top-layer and a porous supporting layer along with fully developed finger-like macrovoids. These are again attributed to the rapid exchange between the solvent and nonsolvent during the phase inversion process, which was promoted by the presence of hydrophilic fillers (i.e. GO, PVP, and T904) [13] . The macrovoids are seen to expand from the surface to the bottom of the membranes. In addition, M11 has less pore continuity than M8 and M14 which may be credited to the increase of dope solution viscosity that retards the exchange rate between solvent and non-solvent during NIPS.
Quantitative analysis of the membrane surfaces was examined using atomic force microscopy. AFM images are shown in Figure 6 , while the calculated roughness parameters:
the root mean square roughness, RMS; the average roughness, Ra, and the mean difference between the highest peaks and lowest valleys, Rz, are shown in Table 2 . From these data it can be seen that after blending GO into the polymer matrix, the roughness parameters increased. For instance, Ra of PES was 23.6 nm and after adding 0.5 wt% GO it increased to 45.2 nm. Also, the addition of pore formers increased the RMS values of the membranes compared to those of the pure PES and GO membranes. These observed increases in surface roughness may be attributed to the faster exchange of solvent and non-solvent occurring during the phase inversion process, owing to the hydrophilic nature of GO and the pore formers. It has been proposed that a rapid exchange of solvents can lead to the onedimensional shrinkage of surface polymer chains as they respond to the sudden presence of a non-compatible environment (i.e. the non-solvent). This then gives rise to the formation of spheres or nodules of polymer, which can in turn increase the surface roughness [20, 34, 35] . The porosities of the prepared GO/PES ultrafiltration membranes are depicted in Figure 7 . It is observed that M1 has the lowest porosity (26%) but after the addition of 0.1 wt% GO, this increased to approximately 70%. This increased again with 0.2 wt% loading to a peak value of 77%. Above this loading of GO however, the porosity decreased to 66% with the addition of 0.3 wt%. This can be attributed to trade-off between the thermodynamic and kinetic effects of GO addition. As stated previously, GO, being intrinsically hydrophilic, increases the thermodynamic instability of the polymer system, owing to its greater affinity to the non-solvent (water). This increases the rate of demixing and gives rise to higher porosity.
At higher GO loadings, however, the increased viscosity of the casting solutions resulted in greater kinetic hindrance of demixing. This hindering effect became dominant over the competing thermodynamic effect as the GO loading increased and thus, the porosity in membranes M4 and M5 ( Figure 7 ) was lower [26, 36, 37] . Wang et al. [38] reported similar behaviour for GO blended PVDF membranes. It should be noted, that the increased hydrophilicity of the GO/PES membranes may have increased the extent of water penetration
into the pores during the porosity measurements, giving a higher estimate than for the pure PES membrane. However, the SEM images (Figure 5a & b) clearly reveal the thicker dense skin layer of the pure PES membrane as well as slightly smaller macrovoids throughout its cross section, compared to the PES/GO membrane. This confirms the marked increase in porosity with the addition of GO despite the effect of better water penetration during gravimetric porosity measurements.
The addition of pore forming agents had an even more significant effect on the membrane porosity than the addition of GO only. Comparing the PES/pore former systems, it can be seen that the porosity increased from 26% (for pure PES) to 85%, 78% and 81% for PVP, P31R1 and T904, respectively. However, the highest porosities of all were achieved by combining GO with the pore formers. In the case of PVP and T904 pore formers, the addition of 0.5 wt% GO resulted in the highest porosity values of 88% and 87%, respectively. In the case of P31R1, a peak porosity value of 88% was achieved with the addition of 0.3 wt% GO.
This represents a synergistic effect between GO and the pore formers occurring during the phase inversion process. corresponds to the values of membranes prepared as reported in [10] where PES is blended with just the pore forming agents.
The surface properties of the pure PES and modified PES MMMs were investigated with a static BSA adsorption. This is considered to be one of the dominant factors in determining the membrane fouling properties [39] . Figure 8a depicts the BSA adsorption on the fabricated membranes. The BSA adsorption clearly decreases with the increase in GO loading. In this experiment, M5 showed the lowest BSA adsorption capacity as a result of its increased surface free energy, as seen in Figure 8b . It is important to note that M1 (i.e. pure PES) exhibited a higher contact angle value of 72.4⁰ which was further reduced to 52.4⁰ upon the addition of 0.5 wt% GO (M5). This may be due to the presence of functional groups such as hydroxyl, carboxyl, carbonyl and epoxy on the surface of GO (Figure 1 ). This increase in the hydrophilicity in turn reduces the protein adsorption. In this way, this experiment shows that membrane surface properties were improved for the hybrid MMMs. shows the entry code of the membranes from Table 1 .
Filtration performance of membranes
The water permeability of a membrane is a critical factor determining the overall performance of MBR as it affects the fluxes of activated sludge that can be fed into the process [40] . Generally, the pure water permeability (PWP) of a membrane correlates with its hydrophilicity: the more hydrophilic, the higher the PWP (and also the lower the attachment of biomass) [41] . Hence, highly hydrophilic membranes are preferred. In section 3.2 the contact angle measurements of the prepared membranes have shown an increase in hydrophilicity with increased loadings of GO -similar to observations made by Mahmoudi et al with the addition of silver nanoparticles on graphene oxide nanoplates [29] . All of the nanohybrid membranes yielded a higher PWP than the pure PES membranes due to the synergistic effects between the polymer and the nanofiller. This is in agreement with other nanohybrid membranes that have been reported [42] . Remarkably, the PWP of the membranes increased more than six-fold from 2 to 13 LMHbar (L m -2 h -1 bar -1 ) for membrane M1, and M5 respectively. However, further loading of GO (1 wt%) resulted in a dramatic reduction in PWP back to 2 LMHbar, equivalent to the pure PES. This is likely the result of the increased the viscosity of the polymer solution due to high GO loading which reduced the porosity and pore size of the membrane during casting. This result emphasizes the vital role of the hydrophilic nanofillers in contributing to the membrane permeability. This relates to i) the high water holding capacity of the membranes and the ease of transport of water through the membranes due to increased hydrophilicity [26, 43] ; ii) the interfacial gaps between GO and the PES polymer matrix, creating additional water channels [44] ; and iii) the increase in bulk porosity ( Figure 7 ).
The addition of pore formers PVP, P31R1, and T904 enhanced the PWP values dramatically when compared to M1-M6 membranes (i.e. only GO addition) as is depicted in Figure 9 . This is the result of the increased porosities of these membranes ( Figure 7) compared to those loaded with GO only. Nevertheless, the highest PWP values were achieved when pore formers and GO were combined. For P31R1 and PVP, it was found that the addition of 0.1 wt% GO was the optimum loading. While for T904, the optimum GO loading was 0.3 wt%. This may be related to the nature of the additives used and their chemical and physical interactions with the GO and polymer matrix. In general, the PWP for the membranes containing pore formers is much higher than that of the pure PES membrane.
PES/GO/T904 with a 0.3 wt% GO (M14) exhibited the largest PWP value of 245 LMHbar which may be attributed to the increase in hydrophilicity as well pore size and its more open pore structure compared to other membranes. corresponds to the values of membranes prepared as reported in [10] where PES is blended with just the pore forming agents.
In addition to PWP, the hybrid membranes were tested with an aqueous feed solution containing 1000 ppm of BSA at pH=6. The BSA rejection for the blended membranes with GO was higher than for the pure PES membranes, with a value of 97% for M6 compared to ~90% for M1 ( Figure 10 ). Furthermore, the BSA rejection increased substantially with increased GO loading, with and without pore formers. This is likely to be the result of the more negative surface charge caused by the oxygen groups of GO increasing the repulsive force between BSA and the membrane. Two other aqueous solutions containing smaller molecules (SY and AO) were also used as feed solutions and rejection data are presented in Figures 11 and 12 for PES-GO and PES-GO plus pore forming additive, respectively. The SY dye rejection (molecular weight of 458 g mol -1 ) was tested and fell in the range of 70-90% for all PES-GO MMMs (Figure 11 -where membranes M1 to M6 are shown). In addition, the rejection of AO dye (molecular weight of 265.36 g mol -1 ) was tested and ranged from 30-50%. Figure 12 shows that the addition of GO to casting solutions containing pore forming agents improved the rejection for BSA and the tested dyes (values of rejection for PES membranes prepared without GO and with pore forming agents as per [10] are shown as well in Figure 12 ). When compared to the pure PES membrane (M1), rejections of BSA, AO and SY for PES-GO-PVP and PES-GO-P31R1 hybrid membranes increased with the addition of GO. However this trend was not followed by PES-GO-T904 membranes where, at low loadings of GO (0.1 wt% ) rejections decreased and at a higher loading (0.5 wt%) just BSA rejection increased. In any case, these values are abnormally high for ultrafiltration membranes with such low molecular weight dyes. This is an indication of additional interactions between the membrane and the dye which go beyond merely the physical sieving effects and suggests that the prepared membranes show high potential in treating different kinds of wastewater. higher than that for the pure PES membrane, whereas the R ir values were all lower. In the case of the R r , a lower value represents reduced attachment of BSA on the membrane surface.
The lower values of R ir clearly indicates that the adsorbed BSA on the hybrid membranes can be easily detached by simple cleaning by flushing DI water (also supported by low adsorption values of BSA as depicted in Figure 8 ). The chance for adhesion or deposition of BSA on the surface of membrane M2-M15 was reduced and loosely attached BSA could be easily removed. Consequently, FRR values of MMMs (depicted in Figure 13 ) are higher than that of the pure PES membrane (M1), indicating improved antifouling properties [46] . SY, and AO, respectively) was achieved with membrane M14 which was prepared with a 0.3 wt% GO w.r.t. the polymer and 5 wt% T904 in the casting solution. From the results it can also be concluded that the performance of PES is enhanced by the addition of GO alone (without any pore forming agent). Different characterisation techniques have determined that this improvement is due to a combination of factors such as the homogeneity of the GO dispersion in the membranes, increased porosity, increased pore size, and increased hydrophilicity compared to the pure PES membrane. The reasonable rejection properties produced after incorporating only small amounts of GO and/or pore formers (>90 % for BSA for membranes with GO and pore forming agents PVP and P31R1, and 35-95% for SY and AO dyes) are opening an avenue for the utilisation of these MMMs in real applications such as MBRs. In addition, the antifouling results shown by these GO nanohybrid membranes can enhance the process efficiency which can ultimately increase the membrane lifetime and reduce energy and operational costs.
Comparison with other reported data
Conclusion
High permeability and high rejection PES MMMs were successfully fabricated with the incorporation of graphene oxide and various pore forming agents in the polymer dope solution. Such membranes could be employed in membrane bioreactors for effective removal of dyes, proteins and other pollutants from waste water. GO nanosheets, which are hydrophilic in nature due to the abundance of hydroxyl and carboxylic groups, were trapped in the PES matrix after phase inversion. The presence of such fillers enhanced not just the flux but also the rejection behaviour, and the antifouling properties. The membrane contact angle decreased from 72.4° to 54.1° while the PWP increased from 2 to 245 LMHbar with 0.3 wt% GO in the membrane and the addition of 5% T904 in the casting PES polymer solution. The porosity of this membrane also increased significantly to 83% compared to 26%
for the pure PES membrane. The addition of GO increased the FRR% to 62% at a loading of 0.3 wt% compared to 25% for pure PES. It was also found that the addition of GO and novel pore formers such as T904 and P31R1, as well as conventional PVP, not only enhanced the permeability but also improved the rejection of dyes and BSA. Hence, it can be concluded that the incorporation of GO and pore forming agents into PES membranes has exhibited synergistic effects with increased membrane hydrophilicity, porosity and antifouling
properties. This work demonstrates the potential of GO and novel pore formers to enhance waste water treatment technologies such as MBR. Such technology is urgently needed to help control the discharge of dyes and other pollutants into natural water bodies.
